This paper evaluates nine satellite rainfall products and the Global Precipitation Centre Climatology (GPCC) gauge dataset over the Congo basin. For the evaluation the reference dataset is a newly created, gridded gauge dataset based on a gauge network that is more complete than that of GPCC in recent years. It is termed NIC131-gridded. Gridding was achieved via a climatic reconstruction method based on principal components, so that reliable estimates of rainfall are available even in the data-sparse central basin. The satellite products were evaluated for two locations, the Congo basin and areas on its eastern and western periphery (termed the ''east plus west'' sector). The station density was notably higher in the latter region. Two time periods were also considered: 1983-94, when station density was relatively high, and 1998-2010, when station density was much lower than during the earlier period. Several products show excellent agreement with the NIC131-gridded reference dataset. These include CHIRPS2, PERSIANN-CDR, GPCP 2.3, TRMM 3B43, and, to a lesser extent, GPCC V7. RMSE for the period 1983-94 in the east plus west sector is on the order of 20 mm month 21 for GPCC V7 and 20-30 mm month 21 for the other products. The compares with 40-60 mm month 21 for the most poorly performing products, African Rainfall Climatology version 2 (ARCv2) and CMAP. Over the Congo basin, RMSE for those two products is about the same as in the east plus west sector but is on the order of 30-40 mm month 21 for the better-performing products. In all cases, the performance of the 10 products evaluated is notably poorer in recent years (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010), when the station network is sparse, than during the period 1983-94, when the dense station network provides reliable estimates of rainfall. For the more recent period RMSE is on the order of 30-40 mm month 21 for the best-performing products in the east plus west sector but only slightly higher over the Congo basin. All products do reasonably well in reproducing the seasonal cycle and the latitudinal gradients of rainfall. Estimates of interannual variability show more scatter among the various products and are less reliable. Overall, the most important results of the study are to demonstrate the strong impact that actual gauge data have on the various products and the need to have access to such gauge data, in order to produce reliable rainfall estimates from satellites.
Introduction
The Congo basin encompasses the world's second largest area of tropical rain forest (Fig. 1) . Unfortunately, the well-being of the forest is being challenged by declining rainfall, potential long-term climate change, and human activities such as deforestation. An understanding of the changes and their implications is hindered by the lack of available in situ data in recent years and the lack of in-depth understanding of meteorological processes underlying climate variability in the region.
This region captured the interest of the meteorological community when data from the Tropical Rainfall Measuring Mission (TRMM) satellite showed it to be the site of the world's most intense thunderstorms (Zipser et al. 2006) . Since that time, the number of studies of the region's meteorology has continually increased. Most have centered on synoptic systems, convection, and other intraseasonal phenomena (Nguyen and Duvel 2008; Jackson et al. 2009; Gu 2009; Vondou et al. 2010a,b; Laing et al. 2011; Sandjon et al. 2012 Sandjon et al. , 2014a KamsuTamo et al. 2014; Sinclaire et al. 2015; Berhane et al. 2015; Soula et al. 2016; Zebaze et al. 2017) . Only a handful have focused on the prevailing general circulation (Nicholson and Grist 2003; Pokam et al. 2012 Pokam et al. , 2014 Dezfuli et al. 2015; Neupane 2016; Cook and Vizy 2016) and even the factors producing the seasonal cycle are poorly understood (Nicholson 2018) . Recent studies have focused on rainfall variability (Samba and Nganga 2012; Samba et al. 2008 ) and factors driving it (Todd and Washington 2004; Balas et al. 2007; Jackson et al. 2009; Dezfuli 2011; Dezfuli and Nicholson 2013; Nicholson and Dezfuli 2013; Diem et al. 2014; Zhou et al. 2014; Hua et al. 2016 Hua et al. , 2018 Dyer et al. 2017) .
These studies have clearly demonstrated the importance of the equatorial Walker-type circulation over the Congo basin (e.g., Neupane 2016; Cook and Vizy 2016; Dezfuli et al. 2015) in regulating the year-to-year variability of rainfall in the region (e.g., Dezfuli and Nicholson 2013; Nicholson and Dezfuli 2013; Hua et al. 2016 Hua et al. , 2018 . However, there is little consensus on the factors driving this circulation. Although tropical SSTs appear to be linked to rainfall variability, there are diverse conclusions concerning the relative importance of the Atlantic (e.g., Hirst and Hastenrath 1983; Todd and Washington 2004; Balas et al. 2007; Diem et al. 2014) versus the Indo-Pacific (e.g., Pokam et al. 2014; Hua et al. 2016 Hua et al. , 2018 Dyer et al. 2017) . Moreover, rainfall variability in many parts of the region shows little association with SSTs (Dezfuli and Nicholson 2013; Nicholson and Dezfuli 2013) .
What does clearly emerge from the various studies is that factors in rainfall variability vary tremendously within equatorial Africa and that the regionalization of the factors and the factors themselves vary by season. Moreover, they may be changing in time as the tropical oceans warm (Hoell and Funk 2013) . To unravel the various factors and to potentially predict future changes, a spatially detailed picture of rainfall in the region is required. This was once available, as thousands of stations were operative in equatorial Africa in the mid-twentieth century. However, in most countries of equatorial Africa, and especially in Angola and the Democratic Republic of the Congo (DRC), the networks have continually declined since the 1970s or 1980s. While, in principle, satellite data now provide the needed spatial detail, the available satellite products have generally been validated only over eastern equatorial Africa, a region very different climatically from the Congo basin. Two validations that did emphasize the Congo basin found large discrepancies between gauge and satellite data (McCollum et al. 2000; Yin et al. 2004 ). Negron Juarez et al. (2009) and Sun et al. (2018) similarly found satellite estimates of rainfall to be poor over equatorial Africa, with wide discrepancies among the various satellite products. This was particularly the case for the Congo basin.
The purpose of this article is to use a dense gauge dataset to validate satellite rainfall estimates over central and western equatorial Africa. The article commences with a description of satellite products to be evaluated (section 2) and continues with a review of past validation efforts that focused on East Africa or included parts of the Congo basin (section 3). A description of the gauge dataset used here and the methodology of the validation are described in section 4. Results are presented for seasonal and monthly rainfall estimates (section 5). An important aspect of the work is comparing the satellite performance during a period with relatively high gauge station density with the performance during a more recent period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) when gauge density over the basin itself is extremely low. Conclusions on the importance of the gauge data and guidance for use of the various products are presented in section 6.
Precipitation products evaluated
In this study, nine satellite precipitation products and the Global Precipitation Climatology Centre (GPCC) V7 gauge dataset, produced by the German Weather Service (DWD) under the auspices of the WMO, are evaluated. Table 1 summarizes characteristics of these products, including the extent to which gauge data, such as that from the Global Telecommunications System (GTS) or GPCC, have been incorporated into each product or used to adjust it. The satellite products considered are those that have been used extensively to study rainfall over Africa. Several are based only on thermal infrared (IR) retrievals. The GPCC version 7 used here is monthly and has a spatial resolution of 2.58 (Schneider et al. 2015) . It should be noted that GPCC and the reference dataset used for validation, termed NIC131, are not completely independent products. Most of the NIC131 data up through 1998 were incorporated into GPCC. As a result, the correlation of the two sets during the 1983-94 period is almost perfect. Differences arise from the method of gridding, as opposed to differences in the raw station values. After 1998, GPCC relies mostly on data transmitted through the GTS, while NIC131 includes numerous updates obtained directly from the African meteorological services. Although the gauge network for both products is extremely sparse over the Congo basin during the 1998-2010 validation period (Fig. 2) , the contrast in the available data during that period adds some degree of independence. Moreover, a spatial reconstruction method based on principal components (see section 4) has been used to fill in gaps in NIC131 in recent years. That dataset, termed NIC131-gridded, provides a dataset over the Congo basin that is largely independent of the GPCC V7 product. This is important because many of the satellite rainfall products incorporate GPCC data to some degree, yet many validation studies use GPCC as the reference data. Thus, the NIC131-gridded dataset allows for a more independent and adequate validation of the various satellite products.
The TRMM satellite was a joint mission between NASA and the Japanese Aerospace Exploration Agency. It was specifically designed to measure tropical rainfall globally. The product used here, 3B43 V7, is a monthly accumulation of 3B42 V7 product that merges precipitation estimates from several passive microwave products with microwave-calibrated infrared-based precipitation estimates and then performs bias adjustment using monthly accumulated rain gauge analysis from GPCC (Huffman et al. 2007 (Huffman et al. , 2010 Huffman and Bolvin 2014) . TRMM 3B43 is a monthly product with a spatial resolution of 0.258. GPCP was originally produced by NASA's Goddard Space Center (Adler et al. 2003) but is now being produced by NOAA-University of Maryland. Like TRMM 3B43, it merges microwave and infrared estimates from polar orbiting and geostationary satellites but from a different constellation of sensors. It is also a monthly product but has a spatial resolution of 2.58. GPCP 2.3 is available since 1979, and it does not utilize data from TRMM instruments, which do not commence until 1998. It is adjusted with gauge data from GPCC.
NOAA's CPC provides two rainfall products for Africa only, RFE and ARC. RFE 2.0 is based on three satellite products Arkin 1996, 1997; Love et al. 2004) ; daily gauge data from the GTS are used to correct the bias. The satellite products include 1) IR data from the Geosynchronous Operational Environmental Satellite (GOES) precipitation index (GPI), 2) passive microwave estimates from the Special Sensor Microwave Imager (SSM/I) and 3) Advanced Microwave Sounding Unit (AMSU) microwave estimates of rainfall. The GPI is based on IR cloud-top temperature from Meteosat, which is centered over Africa. A daily product is produced with a spatial resolution is 0.18. The ARCv2 (version 2) product has the same spatial and temporal resolution. The main difference between REF 
2.0 and ARCv2 data is that the algorithm used to produce the latter does not contain microwave data (Novella and Thiaw 2013) . CPC also provides two global products, CMORPH and CMAP. The former ''morphs'' high-quality passive microwave estimates from several low-orbiting satellites with high spatial and temporal resolution IR data to yield information for the time period between microwave sensor scans (Joyce et al. 2004) . The final product is half-hourly precipitation estimates. The current study uses the CMORPH CRT product, with bias removed via comparison with gauge data (Xie et al. 2017) . It is available since 1998. The raw CMORPH CRT product has been shown to have a positive bias over tropical land areas. CMAP (Xie and Arkin 1997) provides pentad and monthly analyses at a spatial resolution of 2.58. It is based on a merger of gauge data plus five infrared and microwave satellite estimates (Xie and Arkin 1997) . Satellite estimates provide the spatial pattern of rainfall and gauge data are used to calibrate the magnitude. IR data is from geostationary satellites as of 1986; previously only outgoing longwave radiation (OLR) from polar orbiting satellites was used.
CHIRPS2 (Funk et al. 2015) , TAMSAT V3 Maidment et al. 2013 Maidment et al. , 2017 , and PERSIANN-CDR (Ashouri et al. 2015) are all based on thermal IR brightness temperature from geostationary satellites. CHIRPS2 is a result of a collaboration between the University of California at Santa Barbara and USGS. It is based on cold-cloud duration from two geosynchronous thermal IR archives produced by NOAA. One is the 1981-2008 Globally Gridded Satellite (GridSat) produced by the National Climate Data Center. The second is the 2000 to present NOAA Climate Prediction Center dataset (CPC TIR). The thermal IR data are merged with African gauge data, using ''smart'' interpolation techniques that taken the spatial correlation structure into account.
TAMSAT, produced at the University of Reading, utilizes Meteosat thermal IR data. It is based on two assumptions: that most rainfall over Africa results from convective clouds and that there is a linear relationship between cold-cloud duration and precipitation amount. The IR estimates are not merged with contemporaneous gauge data, but the product is calibrated with historical rain gauge data (Maidment et al. 2013 ). There are two versions of TAMSAT, with the second (TAMSAT3) designed to correct a dry-bias evident in the earlier version (Maidment et al. 2017) . TAMSAT3 is used here.
PERSIANN-CDR (Ashouri et al. 2015) is also based on geostationary thermal IR brightness temperature, with a neural network approach applied to produce the precipitation estimates. The product is calibrated using NCEP-NCAR precipitation forecasts. It is bias-corrected with the GPCP precipitation product on a monthly basis, such that PERSIANN-CDR and GPCP monthly totals are consistent. Its spatial resolution is 0.258.
Prior validation of satellite rainfall products over equatorial Africa
Most of the satellite validation that has been carried out for equatorial regions of Africa is confined to East Africa, the westernmost regions considered being parts of the Rift Valley Highlands. Most validation efforts were limited to relatively small geographical areas of East Africa, such as Uganda (Diem et al. 2014; Asadullah et al. 2008; Maidment et al. 2017) , northeast Tanzania (Mashingia et al. 2014 ), a valley in central Tanzania (Koutsouris et al. 2016) , or the Lake Victoria catchment (Kizza et al. 2012) . Cattani et al. (2016) examined a much broader area of East Africa, but validation was limited to a comparison with the seasonal cycle and with the relationship between rainfall and terrain. Of six products evaluated, TRMM 3B42 performed best. Numerous studies have validated satellite precipitation estimates over Ethiopia, especially in the Nile basin (e.g., Haile et al. 2013; Jacob et al. 2013; Gebremichael et al. 2014; Dinku et al. 2007 Dinku et al. , 2011a Dinku et al. ,b, 2014 . However, a summer rainfall regime prevailed in regions of analysis, hence the results are not particularly relevant to the Congo basin.
For the Congo basin, two early validations (McCollum et al. 2000; Yin and Gruber 2010) raised questions about satellite precipitation estimates in the region. The latter paper noted an abrupt change around 1992 in estimates from GPCP and concluded that a change in station network caused GPCP to underestimate rainfall post-1992. In contrast, McCollum et al. (2000) concluded that GPCP overestimates rainfall over the Congo, by a factor of two. Munzimi et al. (2015) is the only recent validation of satellite precipitation estimates in the Congo basin. They solely considered TRMM and focused on improving estimates by using 12 gauges in the DRC to recalibrate the TRMM 3B42 product in this region. They also concluded that TRMM 3B43 accurately depicts Congo basin precipitation without biases.
A novel feature of that work was evaluating the satellite estimates by comparing spatial patterns of precipitation, based on a dense historical network of stations. Pombo et al. (2015) likewise used historical data (pre-1974) to validate TRMM 3B42 estimates of precipitation extremes over Angola, also a country with a vast number of historical stations but few in recent decades. Pombo and Proença de Oliveira (2015) used 18 recent Angolan stations to evaluate satellite estimates of rainfall. TRMM 3B43 was found to perform better than GPCP 2.3, PERSIANN-CDR, or CMORPH CRT. Beighley et al. (2011) noted that estimates of Congo basin rainfall from TRMM 3B42, PERSIANN-CDR and CMORPH CRT differed by a factor of two in nearly all months and in each of six subbasins of the Congo River. A comparison with model-predicted streamflow suggested that TRMM 3B42 provided the best spatial and temporal distributions and magnitudes of rainfall over the basin.
Satellite precipitation estimates over equatorial Africa have also been examined in the context of Africawide studies. The most extensive validation is that of Awange et al. (2016) . When compared against GPCC rainfall data, TRMM 3B43 performed best among six satellite products with respect to standard error statistics [bias, root-mean-square error (RMSE), and correlation coefficients] throughout the continent. However, TRMM 3B43 is not independent of GPCC. When an alternative approach to qualifying noise and signal-tonoise ratios was applied, PERSIANN-CDR was found to perform best throughout the continent. Notably, in three products (PERSIANN-CDR, TAMSAT V3, TRMM 3B43) the signal-to-noise ratio was considerably lower over the Congo basin than elsewhere. In contrast, Serrat-Capdevila et al. (2016), examining daily rainfall statistics, found that satellite estimates of rainfall were best in the equatorial region (58N-58S), presumably because of the predominance of convective cloud there. Again, TRMM (TMPA) tended to perform better than either PERSIANN-CDR or CMORPH CRT, but the results varied with the rainfall parameter considered. Dezfuli et al. (2017) compared the new IMERG product, available since 2014, with TRMM throughout Africa. They noted that, despite good agreement in equatorial regions, the performance there is uncertain because of the lack of gauge data during the period in question.
Overview of methodology
In this study, nine satellite precipitation products and the GPCC V7 gauge-dataset are compared with rainfall estimates from a dense gauge dataset over equatorial Africa (i.e., NIC131-gridded). Validation is carried out at 2.58 and on monthly and seasonal time scales. The error statistics calculated include the random or RMSE, the systematic error or bias, and the correlation between the product and the reference gauge dataset. Taylor diagrams are used to depict the correlation, RMSE, and the standard deviation of the estimates. Evaluation of the 10 products is also made by examining the ability to reproduce mean meridional transects, the seasonal cycle, and interannual variability. Sample maps for two
individual months are presented to provide an overview and direct comparison of the products. The reference gauge dataset (i.e., NIC131) is from an Africa-wide archive compiled by the first author (e.g., Nicholson et al. 2018a ). This 2.58 gridded dataset (i.e., NIC131-gridded) was created by applying a spatial reconstruction technique based on principal component analysis (Nicholson et al. 2018b ). This approach has the advantage that, in contrast to most approaches such as kriging, it does not assume a linear relationship between missing stations/grid points and the nearest available value or values. When gaps are as large as in the Congo basin, the linear relationship is very unlikely to hold. The principal components recognize the complexity of the spatial relationships, taking the spatial correlation structure into account. Also, it was determined that if three or more gauges were available, a simple station average would adequately represent rainfall within the grid box. For that reason, spatial reconstruction was applied only to grid boxes that included fewer stations. For those with three or more stations, the value for the grid box is the simple average of gauge data. That dataset extends from 1921 to 2014 and covers most of the area between 12.58N and 158S.
In terms of a reference dataset, GPCC is used in many validation studies. We argue that NIC131-gridded is a more appropriate reference dataset. For one, since most of the satellite products evaluated here incorporate GPCC to some extent, they are not really independent of it. As indicated, prior to the 1990s GPCC and NIC131 relied upon the same gauge dataset, but in recent years there is a much greater degree of independence. Also, in recent years NIC131-gridded has more gauge data than does GPCC over and around the Congo basin. Further, NIC131-gridded was validated with raw station data over the period 1973-2010, using a cross-validation technique, and its performance was shown to be excellent. The spatial reconstruction approach was tested against the more commonly used kriging and was found to give far superior results in this region, with the RMSE for kriging being roughly twice that for the spatial reconstruction technique.
The validation of the satellite products is complicated by the decline in the station network in the late 1980s, combined with the fact that three of the satellite products are first available in 1998 or later. For this reason, validation is carried out over two separate periods, 1983-94 and 1998-2010 , with somewhat different approaches. The decision to end the first validation period at 1994 is based on the fact that the number of stations in the Democratic Republic of the Congo, the heart of the Congo basin, diminishes rapidly after that time. Figure 3 shows the available stations during these two periods. During the period 1983-94 the station network is dense and it changes relatively little from year to year.
Two separate sectors are also considered in the validation, one with a relatively dense gauge network and one in which most data are a result of spatial reconstruction. An examination of the station network year by year suggested that the grid boxes shaded in gray in Fig. 3 would generally meet the three-station criterion during the 1983-94 period. These are concentrated on the eastern and western periphery of the Congo basin and are analyzed collectively and the sector termed ''east plus west.'' Note that grid boxes which include large portions of the Atlantic or a lake are excluded, even if adequate gauge stations are available. The region outlined in red in Fig. 3 , henceforth termed the ''central basin,'' has few stations in any time period and is considered separately in the various analyses. For the east plus west sector, the error analyses for 1983-94 are based only on the subset of NIC131 grid boxes with three or more stations. That is, the reference dataset for the error analyses excludes any spatially reconstructed values. To enhance the number of stations going into the spatial average, those within 0.18 of the boundaries of a 2.58 grid box were incorporated into the station average for the grid box. The number of adequate grid boxes varies from month to month and from year to year. Note that most grid boxes contained at least four stations, so that a comparison of results based on three versus four stations in defining ''adequate'' shows little difference. The three-station criterion allows for the inclusion of a greater number of grid boxes.
As noted, within the Congo central basin, few station records are available even in the period 1983-94. To examine the performance of satellite products within the basin itself, it was necessary to utilize the full, reconstructed NIC131-gridded dataset.
The second validation period is 1998-2010. The decision to commence the validation in 1998 was based on the fact that some products, such as TRMM, become available only in 1998. During this period only the "reconstructed" NIC131-gridded dataset is utilized. It provides spatially and temporally continuous coverage. In its creation, statistical reconstruction was applied only to grid boxes with fewer than three gauge stations. Hence, for the study area that includes the eastern plus western grid boxes in Fig. 3 , the grid boxes have undergone little statistical manipulation, so that results are directly compared to those obtained for 1983-94. For the 1998-2010 period, all nine satellite products plus GPCC V7 are evaluated, using NIC131-gridded as the reference dataset.
As indicated above, the error statistics include RMSE, bias, and linear correlation r. These are computed as
and
where G i is the value of rainfall in NIC131-gridded, S i is the value of rainfall in the satellite product or GPCC V7, and N is the total sample size. The calculations are made over an array that includes each adequate grid box within the indicated sector and each of the years considered. These statistics are calculated for each month and for four multimonth seasons: January-March (JFM), April-June (AMJ), July-September (JAS), and OctoberDecember (OND).
Results
This study commences with a cursory look at spatial patterns of rainfall in two individual months of the year 2001, based on each of the nine satellite products and three gauge products (Fig. 4) . Examples are shown for March and November of the year 2001. Those months are shown because they are the months of maximum Congo basin rainfall during the boreal spring and boreal fall rainy seasons. The figure also includes the patterns based on GPCC V7 and NIC131-gridded, as well as the rainfall at the individual stations available in these months. These clearly illustrate the large disparity in satellite estimates of rainfall over equatorial Africa.
In March (Fig. 4a) , the NIC131-gridded estimates show four notable features. The first is a strong northsouth gradient, with rainfall on the order of 200-300 mm in the south and generally 10-100 mm in the north around 58-88N. The other features are a local minimum around 208-308E far to the south, a strong maximum in the far western equatorial region, and a second equatorial maximum around 308E. Each of these features are evident to some degree in CHIRPS2, GPCC V7, GPCP 2.3, PERSIANN-CDR, TRMM 3B43, and TAMSAT V3. CHIRPS2, however, shows a comparatively weak western equatorial maximum and a very strong maximum in the southern latitudes. That pattern is the one most similar to that of NIC131-gridded. In contrast, CMAP lacks the north-south gradient and shows a strong eastwest gradient in the equatorial latitudes; ARCv2 misses most of the southern maximum, as does RFE 2.0.
In November (Fig. 4b ) the maximum is not in the southern latitudes but in the equatorial region. A separate maximum is evident far to the west in the equatorial latitudes; a third is apparent far to the east over central Kenya. A nearly rainless region is evident in central Tanzania. These same features are seen in TRMM 3B43, PERSIANN-CDR, GPCC V7, GPCP, TAMSAT V3, and to a lesser extent in CHIRPS2. ARCv2, RFE 2.0, and CMORPH CRT all show a much larger rainless area covering most of Tanzania and northern Mozambique. CMAP lacks the western equatorial maximum. Overall, the equatorial maximum is relatively weak in CHIRPS2, RFE 2.0, and CMORPH CRT, but perhaps anomalously strong in PERSIANN-CDR and TRMM 3B43.
a. Error statistics
1) TAYLOR DIAGRAMS
The 10 products are compared for each month and four seasons using Taylor diagrams (Taylor 2001) . The Taylor diagrams illustrate the correlation of each product with the NIC131-gridded reference dataset (i.e., the ''observed'' in the diagram), the variance of the 10 products and the observed, and the RMSE compared with the observed. It should be emphasized that these estimates are relative to NIC131-gridded and not absolute. The error in the NIC131-gridded reconstructions is on the order of 10% (Nicholson et al. 2018b ).
In the diagrams for the east plus west sector for the 1983-94 period (Fig. 5) three tendencies are evident. 1) The variance of the estimates shows little variation among the 10 products and tends to be similar to that of the reference dataset.
2) The performance of most of the products does not vary greatly from month to month. 3) Certain products tend to be outliers, especially during the rainy season months of March, April, May, October, and November. A visual scan of the diagrams suggests that ARCv2 is an outlier in nearly all cases, CMAP is an outlier in most cases, and TAMSAT V3 is an occasional outlier. This is evident both in terms of correlation with the reference data and in terms of standard deviation. Even in those cases, however, the correlation with observed is never less than 0.7 and is generally greater than 0.9. For the other products, the correlation with the observed is on the order of 0.9-0.95 in nearly all cases. The highest correlations tend to be with GPCC V7 and GPCP 2.3. As mentioned, this is not surprising since GPCC incorporates NIC131 data during this time period and GPCP is strongly dependent on GPCC.
The results are different for the central basin during the 1983-94 period (Fig. 6) . The spread of the satellite products is much greater and the correlation with NIC131-gridded is much weaker, especially in the wettest months. Typical correlations are as low as 0.3-0.4 in April and October and 0.5-0.6 in May. As for the east plus west sector, there are clusters of similarly performing products, including CHIRPS2, GPCC V7, PERSIANN-CDR, and occasionally TAMSAT V3. ARCv2, CMORPH CRT, CMAP and often TAMSAT V3 tend to be outliers, compared to those clusters. Notably, correlation between GPCC V7 and NIC131-gridded is low in some months, on the order of 0.4-0.5 in April, May, and October. Unfortunately, it is impossible to ascertain whether GPCC V7 or NIC131-gridded performs better in this region. This question will be considered later. The diagrams for the period 1998 show greater disparity among the 10 products in terms of both the correlation with the observed and the variance of the estimates. For the east plus west region the correlation of most products with the reference dataset is still strong, but on the order of 0.7-0.9 (higher in the dry months). However, in April correlations are universally lower, on the order of 0.6-0.8. The standard deviation of each of the products is also much lower in April than in the other months. ARCv2, RFE 2.0, CMAP, and CMORPH CRT are frequent outliers. During this period, CHIRPS2 is clearly closest to the observed in nearly all cases and GPCC is an occasional outlier. The correlation between CHIRPS2 and the reference dataset is generally between 0.8 and 0.9, and the standard deviation of CHIRPS2 is very close to that of the reference dataset in all months. Note that the station network in the NIC131 reference dataset is not substantially different from that of the 1983-94 period ( Fig. 3) and spatial reconstruction was applied to few grid boxes. Hence, the reference dataset is reliable.
The results for the central basin during 1998-2010 show much weaker correspondence with NIC131-gridded and much greater spread among the 10 products, particularly with respect to the standard deviation of the estimates. As with the east plus west sector, CHIRPS2 shows the best correlation with NIC131-gridded and the correlation is on the order of 0.7-0.9 in most months. However, it is as low as 0.3 in April and 0.4 in October. The correlation with most other products in those months is even weaker.
The greater disparity of the estimates in the central basin and during the period 1998-2010 compared to 1983-94 is not surprising. Each of the products is dependent on gauge data to some extent, but the anchoring by gauge stations is generally weak in the central basin and weaker during the later period, a consequence of the paucity of observations. This means that differences in the input satellite datasets and the algorithms utilized play a greater role during 1998-2010 than during 1983-94. Further influencing the correlations is the greater error in the NIC131-gridded dataset over the central basin during the 1998-2010 period, a result of spatial reconstruction being used to fill in gaps. Overall, the very diverse results for the various satellite products and GPCC V7 show the importance of having a dense gauge data network as an input to the product. The question still remains whether NIC131-gridded or GPCC is the more reliable gauge dataset for this region. Figure 9 compares the results for both sectors and time periods at the seasonal level. The seasonal aggregation serves to reduce via the averaging process much of the random error in estimates. As seen with monthly data, ARCv2, CMAP, and CMORPH CRT are frequently outliers. The remaining discussion will focus on the other products. For the east plus west sector the results are generally excellent for the 1983-94 period. With the exception of the outliers, the correlation with the reference rainfall dataset is generally 0.9-0.98 and there is little scatter among the results for the various products and there is little difference in the results among the four seasons. For the 1998-2010 period the performance of the products in the east plus west sector is weaker but still good. There is more scatter among the 10 products and the correlations vary considerably for the different seasons. For most products they are on the order of 0.9-0.95 or higher for JFM and JAS, the driest seasons, and on the order of 0.8-0.8 for AMJ and OND.
As to be expected, there is greater scatter among the 10 products for the central basin and correlations with the reference dataset are lower. This is true for both time periods. Again, CMORPH CRT is consistently an outlier and ARCv2, CMAP, and RFE 2.0 are frequent outliers. For the other products, there is generally little scatter for the standard deviations and the correlations tend to be on the order of 0.7-0.9. Results for 1983-94 and 1998-2010 are fairly similar. The exception is AMJ of the later period, when correlations are on the order of 0.65 for one cluster of products (TRMM 3B43, PERSIANN-CDR, CMAP, GPCP 2.3, and GPCC V7) and on the order of 0.7-0.8 for a second cluster (ARCv2, TAMSAT V3, CHIRPS2, and RFE 2.0).
2) RMSE OF MONTHLY ESTIMATES
The RMSE is summarized in Fig. 10 for monthly estimates. It is shown for both sectors and time periods. There are consistent differences among the products for the east plus west sector during the 1983-94 period. RMSE is lowest for GPCC V7 in each month and season, generally being on the order of 20 mm month
21
. This is not surprising since the reference gauge set and GPCC V7 include mainly the same station records during this period. The RMSE is only marginally higher for GPCP 2.3, PERSIANN-CDR, and CHIRPS2, generally on the order of 20-30 mm month 21 . In contrast, RMSE is consistently (10 of 12 cases) highest for ARCv2 and is on the order of 40-50 mm month 21 . It also tends to be high for CMAP and TAMSAT V3. For RMSE over the central basin during 1983-94 there is less spread among the 10 products, which is surprising in view of the lower gauge station density in this region. In most months RMSE is on the order of 30-40 mm. It tends to be lowest for CHIRPS2, PERSIANN-CDR, and TAMSAT V3 and highest for ARCv2 and CMAP. GPCC V7 RMSE is also relatively low but nearly twice as great as in the other sector. GPCC V7 also had some of the greatest error in some individual months and seasons.
For the period 1998-2010, when all 10 products are available, the RMSE error, as compared to the NIC131-gridded reference dataset, is considerably greater for all products. Note that the error in the reference dataset is also larger during this period, roughly 10% (Nicholson et al. 2018b ). For the east plus west sector CHIRPS2 consistently (10 of 12 cases) has the lowest RMSE during this time period. However, RMSE is only marginally higher for GPCP 2.3, PERSIANN-CDR, and TRMM 3B43. For all four products it is on the order of 30-40 mm for monthly estimates. In contrast to the earlier time period, RMSE is only marginally greater for ARCv2 and TAMSAT V3 than for the other products. The error in TRMM 3B43 and RFE 2.0 is comparable to that for GPCP 2.3 and PERSIANN-CDR. The error in GPCC V7, which has few stations during this time period, is on the order of 40-60 mm for monthly estimates and 85-110 for seasonal estimates. The greatest error is consistently (11 of 12 cases) associated with CMORPH CRT and is on the order of 50-70 mm for monthly estimates.
For the central basin during 1998-2010 RMSE for most of the products is actually slightly lower than for the other sector. The lowest RMSE is again associated with CHIRPS2 (10 of 12 months). TAMSAT V3 and PERSIAN-CDR also have consistently low RMSE. As for the east plus west sector during this time period, CMORPH CRT dramatically overestimates rainfall, compared to the reference dataset and compared to the other rainfall products. Notably, the RMSE in GPCC V7 and TRMM 3B43 also tends to be relatively high, presumably a result of the near absence of GPCC V7 gauge data in this region during 1998-2010.
3) BIAS OF MONTHLY ESTIMATES
The bias of monthly estimates is summarized in Fig. 11 . As with RMSE, it is calculated separately for the two time periods and for the east plus west and central basin sectors. During the period 1983-94, the monthly bias for the east plus west sector is generally less than 10 mm, less during the dry months of July-September. For the central basin the bias tends to be larger, but still positive and on the order of 10-15 mm for most products, depending on the month. The products that frequently show notably higher bias in the central basin are ARCv2 and CMAP. Except for those two products, the bias tends to be positive.
The spread of the bias is clearly greater in all months during the period 1998-2010. For the east plus west sector it is still low, generally less than 15 mm. It tends to be negative during January-June and positive for JulyDecember. Only TAMSAT V3 is a consistent outlier, but even so the bias is less than 20 mm. The bias tends to be very low for TRMM 3B43, as also noted by Munzimi et al. (2015) , and for both GPCC V7 and GPCP 2.3. For the central basin there is little consistency among the products and months. Occasionally CMAP, RFE 2.0, and ARCv2 are outliers, but in nearly all cases the bias is less than 25 mm. Figure 12 shows both RMSE and bias for seasonal estimates. For 1983-94 the RMSE of the best performing products is on the order of 50-60 mm for the east plus west sector and on the order of 60-80 mm in the central basin. Note that this is the error in a 2-or 3-month total and is roughly twice that of the monthly estimates. This suggests that the seasonal aggregation reduces some of the random error in the monthly estimates. ARCv2 is a clear outlier in both cases, with RMSE for the season being as high as 100-120 mm. RMSE is also tends to be high for TAMSAT V3 in the east plus west sector and for CMAP in both sectors. During the period 1998-2010 seasonal RMSE is much greater for both sectors than in the 1983-94 period. It is particularly high for CMORPH CRT, on the order of 100-175 mm in both sectors. It is on the order of 60-100 mm for other products and is consistently lowest for CHIRPS2. The seasonal bias is very low during the period 1983-94 for the east plus west sector. With few exceptions, it is on the order of 10 mm or less and tends to be positive. For the central basin during this period the bias tends to also be positive, but greater, on the order of 20-25 mm in most cases. The exception is AMJ, when the bias ranges from about 10 to 60 mm. Outliers tend to be ARCv2 in the east plus west sector and TAMSAT V3 in the central basin. For the 1998-2010 period there is considerable scatter in the bias of the 10 products, with little tendency to be negative or positive. In most cases it is on the order of 30 mm or less, but the results appear to be random. That is, no product has consistently high or low basis. Again TAMSAT V3 is an exception, having the greatest bias in most seasons during the 1998-2010 period.
4) RMSE AND BIAS OF SEASONAL ESTIMATES
b. Seasonal cycle Figure 13 shows the seasonal cycle based on each product and averaged over two locations for the years 1998-2010. The value for the reference dataset, which includes reconstructed values, is shown as a black horizontal line. The locations, shown in the inset, cover most of the Congo basin and are delineated to encompass areas in which the seasonal cycle is relatively homogeneous. One sector spans from the equator to 7.58N and the other spans from the equator to 7.58S. The seasonal aggregation is not the standard 3-month periods. Instead, five multimonth periods were selected based on a similar spatial pattern of rainfall during the selected periods. Note that the indicated rainfall is a total for the multimonth period, which can be either two or three months, and not rainfall per month. This format is used, so that the graph also shows the annual total from each product.
The seasonal cycle for the northern region is on the left (Fig. 13) . Each of the products except TAMSAT V3 shows excellent agreement with the NIC131-gridded reference dataset (the horizontal black lines on the figure). The seasonal cycle in GPCC V7 is almost identical to that of the reference dataset. August-September (AS) is the wettest season, followed by OctoberNovember (ON) and March-April (MA). DecemberFebruary (DJF) stands out as being very dry. The most anomalous product appears to be TAMSAT V3, which substantially overestimates rainfall in both AugustSeptember and May-July (MJJ). Also, ARCv2 and RFE 2.0 overestimate rainfall in the DJF dry season and underestimate rainfall in the AS season. With the exception of TAMSAT V3, the spread of the annual means of the products is about 80 mm, which is about 5% of the annual average of 1559 mm in the reference dataset. In contrast, the annual mean from TAMSAT V3 is 1721 mm, or roughly 15% above the mean for reference dataset. The situation is very different in the southern region, on the right of the diagram (Fig. 13) . All of the products show essentially the same seasonal cycle. The DJF, ON, and MA seasons are almost equally wet (in terms of mm month 21 ), while MJJ and AS are clearly very dry.
However, a fair amount of scatter is apparent among the 10 products. This occurs primarily during OctoberNovember, but is apparent in other seasons as well. The spread of the annual means among the products is over 250 mm. RFE 2.0 is the lowest, at 1461 mm, and GPCP 2.3 is the highest, at 1713 mm. The reference mean is 1560 mm. An unexpected result is that the spread between GPCC V7 and GPCP 2.3, which is very dependent on GPCC, is 226 mm. TRMM 3B43 and CHIRPS2 show a seasonal cycle that is extremely similar to that of the reference dataset. CMAP is also fairly similar, despite the poor performance of CMAP that was suggested by other analyses in our study.
c. Meridional transects
The spatial integrity of the estimates is examined using two meridional transects (Fig. 14) , one in the western Congo basin at 208E and one in the eastern Congo at 308E. The plotted values represent a 58 longitudinal span, that is, one 2.58 grid box on either side of the indicated longitude. Values of rainfall along the transects are shown for two different time periods and for each season. The first period is 1983-94, when the station network was quite dense; NIC131-gridded values are estimated via spatial reconstruction at only a few grid points. The second is 1998-2010, when most of the NIC131-gridded reference values are reconstructed. Only seven products are available in the first period, but all 10 are available in the second.
Along the western transect for the period 1983-94 there is excellent agreement among most satellite products and these agree exceedingly well with the NIC131-gridded gauge dataset and with GPCC V7. All show a shift of the rainfall maximum from roughly 108N in JAS to 108S in JFM. The only clear outliers are the lower values of ARCv2 in JAS in northern latitudes and the southward displaced maxima in CMAP in AMJ and in CMAP and ARCv2 in OND. In 1998-2010 the spread of the estimates is much greater in all seasons except JJA, but most products show reasonable agreement with the NIC131-gridded gauge data. The exception is CMORPH CRT, which shows anomalously low values in three of the four seasons. ARCv2 and RFE 2.0 are also very low in JFM and OND.
At 308E, similar conclusions can be drawn. There is generally excellent agreement among satellite products, GPCC V7, and the NIC131-gridded dataset for 1983-94. As at 208E, ARCv2 is an outlier, being generally higher than other estimates in MAM and SON, but notably lower in most of the southern latitudes in DJF (which is the rainy season in the south). In OND disparities are apparent with respect to the latitude of maximum rainfall, with some products even showing a double FIG. 12 . RMSE and bias of nine satellite products and GPCC in two sectors and time periods on the seasonal scale.
maximum. All, however, show a broad area of maximum rainfall from roughly 58N to 108S. As at 208E, the spread of the estimates is much larger for 1998-2010 than for 1983-94. CMORPH CRT is shown to have the most extreme values and is a strong outlier near the equator in MAM and SON. The spread among the estimates is particularly large for the rainfall maxima in JFM and JAS, when the rain belt reaches its southern and northern extremes.
d. Interannual variability
To compare the performance of the various products in capturing interannual variability, four regions were selected (Fig. 1) based on the availability of gauge data and on the spatial coherence of rainfall. Two are in the western Congo basin, one is the northern Congo basin, and one is the eastern Congo basin. To facilitate the discussion, the regions are termed Gabon, DRC, Central African Republic (CAR), and Uganda. To examine variability within the heart of the basin, a fifth region was selected, even though few stations are available during the period 1989-2010. It is termed Congo basin and is close to the sector termed ''central basin'' in prior analyses. Calculations are done for the MA and ON seasons, the rainiest periods for equatorial Africa. In this case, only six products plus the NIC131-gridded reference data are shown. ARCv2, RFE 2.0, CMAP, and CMORPH CRT are omitted because they are not continuous over this time period and because each these products was frequently a strong outlier in other analyses. Figure 15 shows the time series for each region from 1983 to 2010 and the number of stations available in the region in each year. The time series represent a simple average of the 2.58 grid boxes in each region, four in the cases of Gabon, DRC, and Uganda, six for the Congo basin, and eight for CAR (Fig. 1) . The total number of stations in NIC131 and in GPCC V7 in each year is indicated at the bottom of the diagrams. Table 2 summarizes the correlation of each time series with that of NIC131-gridded. The correlations suggest that there is generally good agreement among the various datasets. The exceptions are for the Congo basin and, to a lesser extent, DRC. Correlations, based generally on 28 years, tend to range from 0.5 to 0.9. However, for the Congo basin in October-November they range from 20.004 to 0.33. For DRC for the same season they range from 0.20 to 0.53. For both locations they are considerably higher during March-April (TRMM 3B43 is an exception). Note also that the highest correlations tend to be with CHIRPS2, especially in these two datasparse regions.
The time series in Fig. 15 show the relationships with more detail. Again, except in the Congo basin, there is reasonable agreement among most of the products. Some tend to overestimate rainfall in the Gabon sector and during ON in the CAR sector, as compared to the NIC131 reference dataset. The scatter of the estimates becomes noticeably greater after the mid-1990s, when gauge data become much more scarce. All products appear to capture the shift from an ON maximum in the west to a MA maximum in the east. In most cases there tends to be more scatter in ON than in MA.
There is little scatter among the estimates for the CAR region. However, a noticeable disparity occurs in ON in 1997. NIC131-gridded and CHIRPS2 both indicate roughly 325 mm, while the remaining products cluster around 150 mm. The agreement among those products likely reflects the influence of GPCC V7 on the two satellite estimates. It is not readily apparent which values are correct. However, ON of 1997 tends to be wet in each of the nearby regions, suggesting that the higher values are correct. It can also be argued that the values are so low in that year in the CAR region and also in DRC that they are somewhat unrealistic.
The scatter among the estimates is also relatively small for the Uganda sector. This is an area of high station density in both NIC131 and GPCC V7. Although the number of stations decreased in 2001, a large change in the scatter among the estimates did not occur. is given in millimeters per season.
For the westernmost sector, termed Gabon, an increase in scatter is readily apparent when the number of stations greatly decreases in the late 1990s. Notable is the year 2000, when most products show a very wet year, but NIC131-gridded shows a relatively dry year. NIC131-gridded also suggests that relatively dry conditions occurred after 1998, but this could reflect the dramatic reduction in station number after 1998. After that FIG. 15. Interannual variability (mm yr 21 ) in Gabon, Congo, DRC, CAR, and Uganda (see Fig. 1 for location). The numbers of stations for NIC131 and GPCC are shown as the rows of light and darker gray boxes, respectively.
time, the records from the country of Gabon became unavailable and the remaining stations are all in the Congo, a somewhat drier region. For both the region termed DRC and the region termed Congo basin the scatter among the estimates becomes notably greater since the late 1990s. This is especially true for ON estimates. Particularly troubling is the divergence between the estimates of NIC131-gridded and GPCC V7 in these regions since the early 1990s. Both are gauge-only products but different methods are used to fill in the considerable gaps in these regions.
This disparity and other results of this analysis clearly demonstrate the impact of decreasing station number. This impact is also evident in the contrast in the agreement of the various products between the data-poor Congo basin and DRC versus the data-rich regions of Gabon, CAR, and Uganda. It is equally clear from the increase in the scatter of the products as the station numbers decrease following the 1980s or 1990s.
Summary and conclusions
In this study satellite rainfall estimates and GPCC V7 are evaluated by comparison with a dense gauge dataset newly developed for equatorial Africa. For error calculations two geographical areas and two time periods are considered. One sector (east plus west) combines two geographical regions on the eastern and western periphery of the Congo basin. The second sector is in the central basin of the Congo. The time periods are 1983-94 and 1998-2010, respectively . In the east plus west sector, gauge data are relatively plentiful in both periods. In the central basin, gauge data are scarce during the earlier period and almost totally lacking in the second.
For the period 1983-94, during which seven of the evaluated products are available, the network is dense enough that complete confidence can be placed on the NIC131-gridded reference dataset. For the period 1998-2010 few gauge data are available in the central Congo basin and most of the gridded rainfall estimates of NIC131 are based on a statistical reconstruction method that extrapolates from the stations around the periphery of the basin. Hence, it cannot be assumed a priori that discrepancies between that and the other rainfall products necessarily reflect error in the other products. Nevertheless, the argument can be made that NIC131-gridded provides the best rainfall estimates over the Congo during the 1998-2010 period. For one, that dataset has been validated and shown to have an RMSE of roughly 10%. Second, the large spread of the satellite estimates during that period reduces the confidence in those estimates. Finally, NIC131-gridded generally agrees closely with CHIRPS2, the only product other than TAMSATV3 that has no dependence on GPCC.
The performance of the various satellite products varies to some extent between the two time periods and two locations considered. During the period 1983-94, GPCC V7 has the lowest RMSE, near zero bias, and some of the highest correlations with NIC131-gridded rainfall data for the eastern and western peripheries of the basin. This is not surprising, since both include an almost identical set of stations during this time period. The performance of GPCP 2.3, PERSIANN-CDR, and CHIRPS2 is only marginally weaker than that of GPCC V7. The products with the greatest error are ARCv2 and CMAP. For the central basin during this time period, none of the products is consistently the best. However, CHIRPS2, TAMSAT V3, PERSIANN-CDR, and GPCC V7 have consistently low RMSE, and the RMSE of both ARCv2 and CMAP is generally among the largest. In terms of correlation with the reference dataset, the highest is generally with CHIRPS2, GPCP 2.3, and PERSIAN CDR. The bias is generally low, but roughly twice as great as with the east plus west sector, and it tends to be positive. Note that the correlations are consistently lower for the central basin than for the east plus west periphery. 
During the period 1998-2010 what clearly stands out is the increased scatter in the error estimates of the various products, the lower correlation with NIC131-gridded, and the higher RMSE and bias compared to NIC131-gridded. This is much less of a problem for the east plus west sector, where there are adequate stations in the NIC131 reference dataset, than for the datasparse central basin. Although the correlations are lower and the RMSE error is higher than for the previous period, for the east plus west sector they still tend to be on the order of 0.7-0.9 for most products in all months but April. The best agreement with NIC131-gridded is CHIRPS2; the standard deviation is the same in both and the correlation between them is generally between 0.8 and 0.9, and the RMSE for CHIRPS2 is consistently the lowest among the products. The RMSE is only marginally greater for GPCP 2.3, PERSIANN-CDR, and TRMM 3B43. In contrast, ARCv2, RFE 2.0, CMAP, and CMORPH CRT are frequent outliers. The performance of satellite products in comparison to NIC131-gridded is notably poorer for the central basin. Once again, there is fairly strong and consistent agreement between NIC131-gridded and CHIRPS2 and CMORPH CRT is consistently an outlier.
One perplexing result is the weak correlation of all products with the reference dataset in the wettest months, particularly April. This is seen in three of the four cases considered but is not apparent in the bias or RMSE. We hypothesize that the low correlations are related to the relative uniformity of rainfall in the analysis sector in the wettest months. Figure 16 provides evidence of this, using the central basin sector as an example. The correlation between the standard deviation of the observations (i.e., of the NIC131-gridded reference dataset) within the sector and the average of correlation of the 10 products with the observations is 0.9. In April, September, and October, the standard deviation is on the order of 25-30 mm and the average correlation is around 0.25. For the other months, the standard deviation ranges from about 35 to 75 mm, and the average correlations range from around 0.6 to 0.9.
A possible interpretation is that in the wet months of April, September, and October the error in the individual products (and in the reference dataset) is relatively large compared to the scatter of the observations within the analysis sector. In the absence of a dense station network to ''anchor'' the various products, relatively small spatial variations cannot be captured. Support for this interpretation is that when the correlation is lower, the density of observations is lower. Thus, the correlations are not anomalously low in the wet months for the east plus west sector during the 1983-94 period. In the east plus west for the 1983-94 period, when the station density is still relatively dense, the correlations with the reference dataset are around 0.6-0.8. They fall to 0.3-0.5 for the central basin in 1983-94 and to 0.1-0.4 for the central basin in 1998-2010, when there is almost a complete absence of station data.
Another finding is that, in general, temporal or spatial averaging tends to reduce the error in the estimates. One example is the relative error in the seasonal estimates, which (calculated per month) is lower than for the individual months. Similarly, all products tend to adequately produce the mean seasonal cycle even in the more central regions of the Congo basin. However, north of the equator, TAMSAT V3, ARCv2, and RFE 2.0 tend to over or underestimate rainfall in some seasons. Annual means of the various products, with the exception of TAMSAT V3, vary by roughly 5%. South of the equator there is more scatter among the products in the estimation of seasonal rainfall, especially during the October-November season. There annual means vary by 250 mm, which is roughly 15% of the reference mean. Notably, the station network is denser in the more northern sector. The mean meridional transects also show fairly close agreement among most products. This includes not only the magnitude of rainfall along the transect, but also the seasonal changes in the magnitude of rainfall and the location of the rainfall maxima. However, the products that generally perform poorly in other cases stand out here as outliers as well: CMORPH CRT, ARCv2, and CMAP. There is a wide range of disparity in the rainfall estimates of the 10 products. Several products are consistently shown as outliers in each of the analyses and should not be used in climatological studies for the Congo basin. These include ARCv2, CMORPH CRT, and CMAP. RFE 2.0 and TAMSAT V3 are also frequent outliers. Notably, TAMSAT V3 appears to be in general unreliable in recent decades, even though it is only calibrated with historical gauge data and is not merged with gauge data. Our results suggest that the remaining products all perform relatively well in this region. All appear to provide generally good monthly estimates of rainfall throughout the region and can readily reproduce the seasonal cycle and the meridional variations of rainfall. However, CHIRPS2 tends to show the greatest relationship to the NIC131-gridded reference dataset in almost all cases, and it particularly stands out as probably the best monthly satellite product to use in recent years in the central Congo basin.
The contrasts in the algorithms utilized to incorporate gauge data in the various satellite products may explain the diversity in performance. The contrasts are 1) whether the product is merged with or adjusted by gauge data, 2) which gauge set is used, and 3) the interpolation techniques. Points two and three may be the pivotal differences. Most of the products utilize GTS or GPCC data. The GTS data for the Congo basin region are extremely sparse and erratically available. GPCC, while including GTS, also receives data directly from the African meteorological services. GPCP 2.3, TRMM V7, and PERSIANN-CDR all rely on GPCC gauge data, hence have generally similar performance. TAMSAT only uses historical estimates, which has the advantage of a large database, but these estimates are not contemporaneous with the satellite products. Via agreement with agencies within Africa, CHIRPS has access to a variety of gauge datasets not incorporated into the other products. A more substantial difference may be the technique of spatial interpolation used to fill in the huge gaps in the Congo basin. Where large gaps in the station network exist, none of the standard approaches to gridding is very reliable (Long et al. 2016) , especially in data-sparse locations such as the Congo basin. CHIRPS, which is arguably the best performing product, instead takes the spatial correlation structure into account.
Collectively, our results suggest that there is considerable uncertainty in any of the rainfall products over the most central sector of the Congo basin during the period 1998-2010. These uncertainties must be taken into account in evaluating rainfall variability in this region. The problem of discrepancies here and elsewhere in central equatorial Africa has been noted by others, such as Negron Juarez et al. (2009 ), Sun et al. (2018 , and Beighley et al. (2011) . Based on comparison with streamflow and water storages, Beighley et al. (2011) found that TRMM 3B42 provides better rainfall estimates than CMORPH CRT or PERSIANN-CDR over the Congo River basin as a whole. They did conclude that all three satellite products provide unreasonably high values in some periods: all three in ON and CMORPH CRT and PERSIANN-CDR in MA. They concluded that all three products tended to overestimate rainfall magnitude, especially in the central basin. In contrast our results suggest that the TRMM tends to underestimate rainfall in this region. Beighley et al. (2011) calculated that annual rainfall was on the order of 1200-1600 mm in most of the Congo basin. Our results here suggest that 1600 mm yr 21 is more likely for this region. Munzimi et al. (2015) also found that TRMM 3B42 underestimates rainfall over the Congo. Munzimi et al. (2015) used the few available gauge stations to adjust TRMM 3B42 in this region. Based on a comparison with historical gauge data, they concluded that the TRMM 3B43 product and their TRMM3B42-adjusted product performed relatively well over the Congo basin. Our results are less optimistic about the performance of TRMM 3B43 and other products in the region. Their conclusion was based on long-term means and assessed the ability to capture the mean spatial pattern of variability in the region. Our results likewise showed that several products could capture the mean spatial pattern, but also showed that individual monthly estimates and estimates of interannual variability are much less reliable.
One of the most important points that emerges from this study is the importance of having at least a few gauge stations for merging with or calibrating the satellite product. This is clearly shown by the large increase in scatter in the 1990s, when the station count rapidly decreases. A similar conclusion was reached by Yin et al. (2004) in evaluating the performance of GPCP 2.3 and CMAP in this region. Efforts are being made to increase the number of weather stations across the continent (van de Giesen et al. 2014; Dezfuli et al. 2017) . Until that is done, the best approach to examining interannual variability may be an integrated one, considering for example, various hydrologic parameters obtainable from space (e.g., Beighley et al. 2011 ). The approach of Munzimi et al. (2015) in adjusting products with the available gauge data is also a good one. Increased availability of gauge data would make that approach even more promising. The situation can also be improved by increasing the collaborative relationships with the African meteorological services. Adding the availability of station data in a few key areas can also make a large difference in the reliability of satellite estimates of African rainfall.
